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ABSTRACT  
We report efficient wave plates with different retardations and orientations of fast axes realized using transmitarrays 
composed of a periodic arrangement of amorphous silicon elliptical cylinders on glass. We show that novel polarization 
devices which locally rotate the polarization by different angles while preserving the wavefront can be demonstrated 
using such a high contrast transmitarray. We present design, fabrication and experimental characterization results for 
near infrared transmissive wave retarders with efficiencies in excess of 90%, and discuss the potential applications of at-
will local polarization control enabled by this technology.  
Keywords: Wave plate, metasurface, transmitarray, high index contrast, grating, cylindrical vector beams, radial and 
azimuthal polarizations, polarization control 
 
1. INTRODUCTION  
Light polarization is conventionally modified using wave plates made of birefringent materials such as crystalline quartz 
and polymer liquid crystals. Due to the small birefringence of these materials, the thickness of the wave plates is tens to 
hundreds of microns. Large birefringence may also be achieved using thin 1D or 2D dielectric and metallic gratings with 
subwavelength periods, and wave retarders have been implanted using these gratings [1-5]. The subwavelength grating 
based retarders not only provide polarization manipulation within a subwavelength thick layer but also allow for 
implementation of novel devices which can create a spatially varying polarization profile by locally modifying the 
polarization. These devices are created by gradually varying the grating parameters in the plane of the device, and 
realization of several devices have been reported using this technique [2, 6, 7]. It has also been shown that various phase 
masks for modifying wavefronts of circularly polarized beams can be realized by devices which function as half wave 
plates whose fast axis orientations are spatially varied [7, 8]. These devices change the helicity of the incident circularly 
polarized beams while imposing spatially varying phase shifts which are referred to as geometric or Pancharatnam-Berry 
phase shits [9]. The majority of transmissive devices reported so far for local polarization modification or geometric 
phase based wavefront control, have low efficiencies or provide low spatial sampling resolution of the polarization and 
phase profiles [6, 10, 11]. Here, we present polarization control using an efficient high contrast transmitarray platform 
which also provides high resolution sampling of the desired polarization profiles. A high contrast transmitarray is a 2D 
array of potentially dissimilar high refractive index scatterers which are arranged on a periodic lattice with 
subwavelength lattice constant. The high refractive index contrast between the scatterers and their surrounding media 
leads to weak couplings among the scatterers, and allows for high resolution modification of light polarization by 
gradually changing the in-plane geometrical dimensions of the scatterers. We have recently shown that high contrast 
transmitarrays can be used to design highly efficient and polarization insensitive devices for  high spatial resolution 
wavefront control [12, 13]. Here, we show that novel polarization devices which locally rotate the polarization of the 
light by different angles while preserving its phase front can be realized using high contrast transmitarrays. We first 
present design, fabrication and experimental characterization results for near infrared wave retarders, and then for a 
device which generates cylindrical vector beams, and demonstrates the flexibility and the high efficiency provided by 
high contrast transmitarrays in polarization modification.  
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2. HIGH CONTRAST TRANSMITARRRAY WAVE PLATES 
2.1 Simulation and design 
A schematic illustration of the high contrast transmitarray used for implementation of the wave plates is shown in Fig. 1. 
The transmitarray is composed of a periodic array of elliptical amorphous silicon (aSi) posts which are arranged in a 
triangular lattice, and located on a fused silica substrate. The lattice constant of the array is smaller than the desired 
operation wavelength, and the array does not diffract a normally incident beam into non-zero diffraction orders. Thus, 
the transmit array can be characterized by its transmission and reflection coefficients. 
 
 
The ellipticity of the posts leads to different transmission coefficients for the two optical beams linearly polarized along 
the major and minor axes of the posts. Therefore, the transmitarray array shows an effective birefringence.  
We used rigorous coupled wave analysis simulations and found the transmission coefficients of the transmitarray shown 
in Fig. 1 for different geometrical parameters. Simulation results shows that the fast and slow axes of the device are 
closely aligned along the minor and major axis of the elliptical posts, respectively. For operation wavelength of λ=1550 
nm, the simulation results showed that by choosing the post height of 1.23 µm and the lattice constant of 1.1 µm, larger 
than 90%   average transmission can be achieved for a wide range of ellipse diameters. The retardation of the 
transmitarray depends on the diameters of the elliptical posts and can be controlled by their proper selection. We realized 
a quarter wave plate by using elliptical posts with major and minor diameters of 360 nm and 315 nm, and a half wave 
plate by using diameters of 405 nm and 285 nm.     
2.2 Fabrication 
The wave plates were fabricated on a fused silica substrate. We deposited 1.23 µm amorphous silicon on the substrate by 
using plasma enhanced chemical vapor deposition using a 5% mixture of silane in argon. The refractive index of the 
deposited aSi was measured using a variable angle spectroscopic ellipsometer and was found as 3.40 at λ=1550 nm. The 
transmitarray patterns for the quarter and half wave plates (which are shown schematically in Fig. 2) where written on a 
positive resist using 100 kV electron beam lithography. After the resist development, a 70 nm thick layer of aluminum 
oxide was deposited on the sample and was patterned by lifting up the resist in a solvent. The patterned aluminum oxide 
layer was used as a hard mask for etching the aSi layer in a mixture of SF6 and C4F8 plasmas using inductively coupled 
plasma reactive ion etching. Subsequently, the aluminum oxide mask was etched in 1:1 mixture of ammonium hydroxide 
and hydrogen peroxide heated to 80° C. Scanning electron microscope images of the fabricated devices are shown in 
Figs. 2 (a) and 2 (b). An optical micrograph of one of the fabricated device is shown in Fig. 1 (c) which shows the 
dimensions of the fabricated transmitarrays.  
 
Figure 1. Schematic illustration of a high contrast transmitarray wave plate. The wave plate is composed of a periodic array of 
elliptical aSi silicon posts resting on a fused silica substrate. The array imposes different phase shifts to two normally incident 
optical waves linearly polarized along its two principle axes. 
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2.3 Measurement 
The fabricated wave plates were characterized using the setup schematically shown in Fig. 3. Infrared light from a 1550 
nm laser was passed through a polarization controller and coupled to free space using a fiber collimator. The output 
beam of the collimator was polarized after passing through the polarizer (P1). The diameter of the collimated beam (~900 
µm) was larger than the size of the fabricated wave plates (see Fig. 1(c)); therefore, a lens was used to focus the beam to 
a smaller spot. The light transmitted though the wave plate was collected using a 20X objective lens. Another polarizer 
(P2) was placed after the objective lens and was used to analyze the polarization state of the transmitted light. After 
passing through the second polarizer, the light was passed through a tube lens which focused the light to a phosphorous 
coated CCD camera. The distance between the objective lens and the sample was adjusted such that the camera imaged 
the sample plane. The sample was mounted on an xyz stage and the camera image was used to align the wave plates and 
the incident beam. For optical power measurements, a flip mirror was inserted between the camera and the tube lens to 
direct the beam to a photodetector. The measured optical powers were normalized to the power measured when the 
sample was removed from the setup. 
Figure 2. (a) Schematic illustration and scanning electron microscope images of a high contrast transmitarray quarter wave plate, 
and (b) a half wave plate. The lattice constant of the arrays are 1.1 µm, and the elliptical posts are 1.23 µm tall. (c) Optical 
microscope image of a wave plate. 
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To analyze the polarization state of the transmitted light, the power incident on the photodetector was measured as the 
transmission axes of the P1 and P2 polarizers were set to 0°, 45°, -45°, and 90°. The measured data was fit to a Jones 
matrix model using the least squares fitting approach, and the transmission coefficients and the retardances of a quarter 
wave and a half wave plate were determined. The measurement results along with the design values for the diameters of 
the elliptical posts are presented in Table 1. The uncertainties in the measured quantities were computed using the Monte 
Carlo technique by taking into consideration the uncertainties in the optical power measurements. The more than 90% 
average transmissions and the accurate retardance values achieved using high contrast transmitarray wave plates make 
these devices viable candidates for practical applications. The smallest feature size of ~300 nm allows for fabrication of 
larger wave plates at lower costs using conventional photolithography.  
 
Table 1. Geometrical dimensions and measurement results of the fabricated wave plates. 
Device D1 (nm) D2 (nm) |t1| |t2| Retardance (waves) 
Quarter wave plate  360 315 0.99±0.01 0.90±0.01 0.24±0.01 
Half wave plate 405 285 0.95±0.02 0.90±0.01 0.5±0.02 
 
3. LOCAL POLARIZATION ROTATION USING SPATIALLY VARYING WAVE 
PLATES 
As we mentioned in the introduction section, the high refractive index contrast between the aSi posts and their 
surroundings leads to weak coupling among them, and the light scattered by each post is not significantly affected by the 
shape and orientations of its neighboring posts. As a result, gradual modification of the rotation axes of the posts (as 
schematically shown in Fig. 4) does not significantly affect the local transmission coefficient of the array. An example of 
a device which is created by gradual rotation of the fast axis of a half wave plate is shown in Fig. 4. The device is 
composed of an array of similar elliptical aSi posts with the same dimensions as the posts we used for implementation of 
the half wave plates (D1=405nm and D2=285nm). The elliptical posts are rotated by different angles such that the fast 
axis of an elliptical post located at polar coordinate (r,θ) is aligned along the θ/2 direction; therefore, the polarization of 
an x-polarized incident beam will be rotated at the position of the post by θ and the output beam will be radially 
polarized. Similarly, polarization direction of a y-polarized beam will be locally rotated by –θ, and the output beam will 
be azimuthally polarized. It should be noted that for linear incident beams the relative phase of light passed through 
different points of the device is not modified and the device does not change the beam’s wavefront. On the other hand, a 
circularly polarized beam undergoes polarization direction reversal and a local geometric phase shift equal to 2θ [9].    
The device shown schematically sown in Fig. 4 was fabricated using the same process we used for fabrication of the 
wave plates. Scanning electron microscope images of the device are also shown in Fig. 4. 
Figure 3. Schematic diagram of the measurement setup used for characterization of the wave plates and the vector beam 
generator. PC: polarization controller, FC: fiber collimator, P: polarizer, L: lens, DUT: device under test, FM: flip mirror, PD: 
photodetector. 
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We characterized the device using the measurement setup shown in Fig. 3. Figure 5 shows the optical intensity profiles 
captured using the camera when the incident beam was polarized along the horizontal direction and the transmission axis 
of the polarizer P2 was set along four different directions shown by the white arrows. The rotation of the recorded 
intensity profile along with the transmission angle of the polarizer verifies the radial polarization of the output beam. The 
non-uniformities observed in the measured intensity profiles are due to the phosphorous coating on the camera and were 
observed even when the device was removed from the setup. The transmission efficiency of 84±2% for the device was 
obtained by removing the polarizer P2 from the setup, directing the transmitted light to the photodetector using the flip 
mirror, and dividing the measured power to the power measured when the device was removed from the setup. 
 
Figure 5. Measured intensity profiles of the light transmitted through a spatially varying high contrast transmitarray half wave 
plate which converts x-polarized polarized incident beams to a radially polarized beam. The double sided white arrows shown on 
the lower right corner of the images represent the transmission axis of the polarizer P2 shown in Fig. 3. 
200 µm
Figure 4. Schematic illustration and scanning electron microscope images of a spatially varying high contrast transmit array half 
wave plate which converts linearly polarized incident beams to radially and azimuthally polarized beams. 
2 µm 1 µm 
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4. CONCLUSION 
We demonstrated highly efficient wave plates implemented using a high contrast transmitarray platform based on 
elliptical aSi posts on glass. We showed that high transmission and different retardances can be achieved using fixed aSi 
thickness and with different post diameters. The measured average transmission efficiency of ~90%, the subwavelength 
thickness of the device, the relative simplicity of the fabrication process, and the possibility of fabrication of these wave 
plates over large areas using photolithography make them attractive for on chip and free space optics applications. One 
of the main advantages of the high contrast transmit arrays is the weak coupling among the elements in the array which 
provides the possibility of realization of devices with spatially varying properties. By design and fabrication a radial/ 
azimuthal polarizer, we experimentally demonstrated that local polarization rotation can be achieved by using a half 
wave plate whose fast axis is gradually rotated. We should note that the devices we presented here are expected to have 
narrower bandwidth compared to conventional birefringent crystal based wave plates. Further improvement of the 
bandwidth might be achievable by optimizing the geometrical parameters of the high contrast transmitarray.  
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